Abstract.-The effect of group size on the routine metabolic rate and activity of the two shoaling percids, Eurasian perch Perca fluviatilis and ruffe Gymnocephalus cernuus, was studied by using twin-flow intermittent respirometry and time-lapse video techniques. In both species, we found a clear group effect. In isolated fish, oxygen consumption was as much as twice that in groups of eight fish, with intermediate values in groups of four fish. The routine metabolic rate was highest during twilight in both species, irrespective of group size. Eurasian perch consumed more oxygen and were more active during the day than during the night, whereas the oxygen consumption and activity of ruffe were higher during the night than during the day. With increasing group size, the differences between day and night decreased and the diel cycle was less pronounced. Individual fish may benefit from the presence of conspecifics through a calming effect that reduces their energetic costs. We advise that the social behavior of a species be more thoroughly considered when planning behavioral, growth, and respiration experiments. Because bioenergetic model parameters for many species are based on data gained from isolated fish, we conclude that without considering group size the results of bioenergetic modeling may be seriously biased.
Environmental factors strongly impact the metabolic costs of animals (Keddy 2001) . In fish, these impacts are widely studied through respiration measurements, and the effects of abiotic factors such as temperature, salinity, and oxygen depletion on metabolism have been well described (e.g., Rao 1968; Hölker 2003; Ishibashi et al. 2005; Peck et al. 2005) . Among biological factors, the allometry of consumption and respiration are also well analyzed (e.g., Herrmann and Enders 2000; Hunt von Herbing and White 2002; Hölker 2003; Peck et al. 2005) ; the influence on its metabolism of biotic factors relating to the fish's ecology, however, has rarely been considered. Stress situations such as competition, inadequate habitat, or predation risk can increase metabolic costs (Huuskonen and Karjalainen 1997; Fischer 2000; Keddy 2001; Woodley and Peterson 2003) . Shoaling, on the other hand, can improve foraging success and reduce predation risk (Pitcher and Magurran 1983; Pitcher 1986; Magurran 1990 ) and thus may act as a calming, cost-reducing factor (Parker 1973 ).
An influence of group size on metabolic costs has been found in several fish species (Schuett 1933; Parker 1973; Itazawa et al. 1978; Smatresk and Herreid 1980; Klyashtorin and Salikzyanov 1981; Ross et al. 1992 ) but seems to be absent in others (Konchin 1981; Hölker 2003 Hölker , 2006 . Irrespective of these findings, however, growth and respiration rates are often determined in laboratory experiments on single, isolated individuals, regardless of the species' social behavior. The results obtained in these experiments may therefore not be representative of the species' performance in the wild.
Bioenergetic modeling has become an increasingly important tool with which to estimate fish growth or consumption, especially for the management of wild stocks, and the Wisconsin model (Hanson et al. 1997) has been parameterized for an increasing number of species. Sensitivity analyses have demonstrated that for most species, including perch, consumption and respiration parameters are decisive for the model's output (Kitchell et al. 1977; Bartell et al. 1986; Horppila and Peltonen 1997) . In a recent evaluation of bioenergetic models for yellow perch Perca flavescens, Bajer et al. (2003) found strong evidence of deficiencies in estimates of the metabolic rate.
Irrespective of the sensitivity of bioenergetic model outputs to respiration parameters and the potentially strong group effect on respiration, of 32 parameter sets listed in Hanson et al. (1997) for different fish species and ontogenetic stages, only 25% are based on respiratory data gained from group experiments (Table  1) . For solitary species such as northern pike Esox lucius respiratory experiments on a single fish are adequate: experiments with grouped fish would overestimate metabolic rates as a result of aggressive interactions (Wirtz and Davenport 1976) . For shoaling fish species such as Coregonus spp. or Eurasian perch P. fluviatilis, by contrast, respiration rates might be overestimated in experiments with isolated fish. Social behavior can, however, change during ontogenesis. Reduced metabolic costs were found, for example, for ayu Plecoglossus altivelis in visual contact with conspecifics when they were smaller than 9 cm, but when they were larger they started to display aggressive behavior and metabolic costs increased (Umezawa et al. 1983) .
In experiments we conducted with Eurasian perch and ruffe Gymnocephalus cernuus, we also found evidence of a group effect. In preliminary tests for behavioral experiments, perch displayed stressed behavior when only a single perch was in the aquaria. When small groups of four fish were used, acclimatization time was shorter and fish appeared calmer. We further assumed that there is a group effect on the respiration rate of ruffe. Specific growth rates in laboratory experiments with groups of four ruffe (Schleuter and Eckmann 2006) were 3.5 times as high in comparable experiments by Henson and Newman (2000) , who used only single ruffe.
In this study, we therefore focused on the effect of group size on the metabolism of these two shoaling freshwater fish species, Eurasian perch and ruffe. We measured respiration rates and activity in three different group sizes, using one, four, and eight fish for both species. With increasing group size we expected decreasing oxygen consumption and activity through a calming effect.
Methods
The fish used in the experiments were caught in Lake Constance, Germany, with a portable, handoperated lift net (area: 1 m 2 ; mesh size: 4 mm) at least 2 months before the experiments started. The species were kept separately in 100-L aquaria under the natural day : night cycle. For acclimatization to experimental conditions, the fish were moved to the experimental room at least 2 weeks before they were used in the experiments. Until the experiments started, they were held in 100-L aquaria under the same day : night cycle and temperature conditions as in the experiments and were fed live chironomid larvae. Experimental setup.-Respiration measurements were carried out in an intermittent, twin-flow respirometer as described in detail by Fischer (2000) . Two circular respiration chambers of transparent Plexiglas (diameter: 29.0 cm; height: 15.0 cm; respiratory volume: 9933 mL minus the fish volume) were placed in parallel in a 1,000-L aquarium (1.5 m 3 0.5 m base dimensions) kept at a constant temperature. A barrier of black polyethylene was placed between the two chambers to avoid visual contact between the two experimental groups. Oxygen-saturated water (100%) was supplied from a reservoir above the respiration chambers, and the inflow into the chambers was regulated by computer-controlled solenoid valves. Oxygen concentration in the chambers was maintained between 8.6 and 8.2 mg/L, which corresponded to saturation levels of 96% and 92%, respectively, at the water temperature of 19.4 6 0.58C (mean 6 SD). The oxygen concentration was measured every 10 s with polarographic oxygen probes (WTW OXY-325). Daylight conditions were provided from 0700 to 1900 hours. To simulate twilight, the experimental room was illuminated with a dim light for half an hour before and after the daylight period. During the night, the chambers were illuminated by infrared lights (k ¼ 910 nm) to enable 24-h video recording for activity measurements. The microprocessor controlling and recording oxygen and the video recorder were outside the experimental room. Thus, the experimenter had to enter the room during the experiment only once a day to feed the fish kept for later experiments.
Three different group sizes of each species were tested (one, four, and eight individuals), each in three replicates. The experiments were started in the morning. Experimental fish were chosen randomly from the holding aquaria and weighed to the nearest 0.1 g and measured to the nearest 0.1 cm. The mean 6 SD total length and mass were 9.5 6 0.3 cm and 7.4 6 1.0 g in the Eurasian perch and 9.2 6 0.5 cm and 8.8 6 1.6 g in the ruffe. The mean body mass of individual fish did not differ between the groups (analysis of variance [ANOVA]: . The fish were then randomly introduced into one of the two respiration chambers through a gate valve in the cover. The fish were fed for the last time 24 h before an experiment started. The respiration of the fish was measured for two consecutive days: the first day was assigned as acclimatization to the respiration chamber (acclimatization day); the second day was used as measurement day to determine the routine metabolic rate (RMR) of an unfed fish with spontaneous activity (Brett 1962; Herrmann and Enders 2000) and the standard metabolic rate (SMR), defined as the minimum oxygen consumption for intact, absolutely quiescent, unfed fish (Fry 1971) . Each fish was used only once in the experiments. Before and after each experiment, bacterial respiration was measured for at least 2 h during daytime and nighttime for later correction of the respiration rates of the fish. To keep bacterial respiration low (mean bacterial respiration was 15% of total respiration), the chambers were cleaned after each experiment with hydrochloric acid (10%) and all tubes were flushed with ethanol (100%) for at least 15 min. For activity measurements, each chamber was videotaped from below during the measurement day with infrared-sensitive cameras for 15 s every 16 min during twilight and every 32 min during day and night. The video recordings were analyzed by placing a quadratic grid of 5 3 5 squares on the monitor and counting the movements between squares per time, in slow motion replay. A fish's movement was counted as a transition between squares when both eyes had crossed a grid line. In the groups of eight fish, four fish were chosen randomly at the beginning of each sequence and followed individually over 15 s; otherwise, all fish in the chamber were analyzed. Due to technical problems, we could not analyze the nighttime activity data for all the replicates with eight ruffe and partly for one replicate each of the one-and four-fish setups of both species.
Data analysis.-To calculate respiration rates in milligrams of oxygen per kilogram of fish weight per hour, each data set was smoothed to eliminate outliers and to reduce the system-induced fluctuations of the high-resolution oxygen measurement system (e.g., from sensor accuracy and electrical interference through the power supply of the laboratory) by a running-median procedure over six values (60 s) followed by a running-mean procedure over eight values (80 s), as described elsewhere (Fischer 2000) . Based on these smoothed data, the decrease of oxygen concentration over time was calculated with a running regression analysis over 11 values, each value now representing 110 s. The respiration rates were finally calculated from the slopes of the regressions, corrected for bacterial respiration, standardized to milligrams of oxygen per kilogram of fish weight per hour, and assigned to the median of the time base of each regression.
The RMR and activity data were analyzed for the effects of group size and phase of the day (day, dusk, night, or dawn) separately for each species, by ANOVA. For post hoc comparisons of the means, contrast analysis (ANOVA CA) was used. The overall significance level was maintained by a sequential Bonferroni adjustment (Rice 1989) . In case the assumption of normality (Kolmogorov-Smirnov test) and equal variances (Bartlett's test) were not met, the nonparametric Kruskal-Wallis test was applied (Bonferroni corrected when used as post hoc test). To test for differences in overall daily respiration between group sizes, we averaged their RMR over 24 h on the bases of hourly medians, except for the twilight conditions, where half-hourly medians were used. This test was computed for the acclimatization and the measurement day. All other analyses were restricted to the measurement day. The effects of the time of day and the group size on RMR and activity were analyzed by comparing the medians of each phase of the day. A multiple linear regression analysis was computed to determine the dependency of the RMR on the activity.
The SMR was calculated after Herrmann and Enders (2000) and Hölker (2003) as the median of the lower 10% of the respiration rates (each covering a 110-s period after smoothing) observed during the measurement day of each replicate.
For raw data processing (running mean, median, and regression) and calculation of mean respiration rates or activities, we used the program SAS/IML; for statistical analysis, we used the program JMP 4.0.
Results
Group size affected both the variances and the medians of the frequency distributions of the respiration rates observed during the measurement day (Figure 1) , respectively. Routine metabolic rate averaged over 24 h differed with group size in both species (Figure 2 ). Mean daily oxygen consumption was always highest for the single fish and lowest for fish in groups of eight. The RMRs for groups of four fish were intermediate. For Eurasian perch, this group effect was significant on both the acclimatization day (ANOVA: F 2, 6 ¼ 9.837, P ¼ 0.013) and the measurement day (F 2, 6 ¼ 11.238, P ¼ 0.009). For ruffe, by contrast, the group effect was most pronounced on the acclimatization day (F 2, 6 ¼ 40.246, P , 0.001), the oxygen consumption of the single fish being more than twice that of a fish in the group of eight. On the measurement day, the influence of group size on RMR averaged over 24 h was only significant at the 10% level (F 2, 6 ¼ 4.269, P ¼ 0.070).
For both species, RMR displayed a clear diel cycle (Figure 3 ) and was significantly influenced by time of day ( Table 2) . Independent of group size, Eurasian perch RMRs were lower during the night than during day and twilight (ANOVA CA: P , 0.05; Table 2 ). Although oxygen consumption increased slightly during twilight compared to daylight conditions, this increase was not significant. Diel variation of ruffe RMRs, by contrast, depended on group size (Table 2) . Respiration tended to be lowest during the day and highest during twilight; however, if the ruffe were in a group, the diel cycle was less pronounced. In single ruffe, the diel cycle was more pronounced than in groups of four and eight, and respiration during dawn was significantly higher than during the other phases of the day (P , 0.05; Table 2 ).
The pattern of activity (field changes per 15 s) during the course of the day (Figure 4 ) was similar to the pattern of the RMR. In both species, activity was significantly affected by group size and time of day (Table 2), the highest activity generally being seen for the isolated fish compared to fish in groups. In Eurasian perch, activity during the course of the day interacted with group size (Table 2) : in single perch, activity was highest during the day and at dusk, and lowest during the night (ANOVA CA: P , 0.05); dawn activity was intermediate. With increasing group size, activity was less variable during the course of the day. In groups of four perch, activity tended to be highest during twilight (P , 0.05; not significant after Bonferroni correction), and did not differ between day and night, whereas in groups of eight, the fish did not display a clear activity pattern. In ruffe the diel pattern of activity and group size did not interact (Table 2) . Ruffe were less active during the day (P , 0.05) and their activity did not differ between twilight and night.
A positive relationship was found between RMR and activity in both species and can be expressed through a linear regression ( Figure 5 ). The coefficient of determination (R 2 ) in perch was 0.62; for ruffe it was RESPIRATION RATES OF EURASIAN PERCH AND RUFFE 0.42. These regressions can thus only partly explain the effect of group size on RMR via decreasing activity.
To test for the effects of group size on respiration from sources other than different activity patterns, RMRs at low activity levels (very low activity: 0 transitions per 15 s; low activity: 1-5 transitions per 15 s) were compared between group sizes, for day and night separately. This comparison between different group sizes still revealed significantly lower RMRs for groups of eight fish (Figure 6 ). During the day, the oxygen consumption of inactive fish (activity level 0) was higher for the isolated fish than in groups of eight, while respiration of fish in groups of four was intermediate. (Figure 4 ) and thus low activity levels were rarely observed.
The minimum oxygen consumption of an absolutely quiescent fish, SMR, was 36 6 2 mg O 2 Ákg for group sizes four and eight; ruffe: 118 6 54 and 108 6 11 mg O 2 Ákg À1 Áh À1 for group sizes of four and eight). We hold a methodological bias to be responsible for this result: with more fish in the chamber, the probability that all fish are absolutely motionless at the same time decreases.
Discussion
We found a clear effect of group size on the RMR and activity of juvenile Eurasian perch and ruffe. For both species, weight-specific RMR and activity decreased with increasing group size. In isolated fish, metabolic costs were up to two times higher than in groups of eight fish. This confirms the results of Geyer FIGURE 3.-Mean 6 SD routine metabolic rates of (a-c) Eurasian perch and (d-f) ruffe in groups of different sizes during the measurement day. Panels (a) and (d) pertain to experiments with one fish, panels (b) and (e) to experiments with four fish, and panels (c) and (f) to experiments with eight fish. The horizontal bar at the base of the figure indicates the phase of the day: day (white), twilight (gray), or night (black).
RESPIRATION RATES OF EURASIAN PERCH AND RUFFE
and Mann (1939), who found lower metabolic rates when placing three perch instead of one in a respiratory chamber. We also demonstrated that this decrease of RMRs is partly caused by decreased activity in groups and partly by a calming effect. Decreasing activity with increasing group size was observed by Schleuter (2002) , who studied the activity of juvenile perch in groups of 10, 20, and 40 fish in laboratory experiments; the calming effect of group size on respiration rates and activity is also known from other species (respiration : Schuett 1933; Parker 1973; Itazawa et al. 1978; Umezawa et al. 1983; Ross et al. 1992; activity: Fitzsimmons and Warburton 1992; Anras et al. 1997 ). In our study, respiration was positively correlated with activity, suggesting that the individual fish could benefit from the presence of conspecifics through a calming effect that reduced activity and energetic costs.
Decreased RMRs can, however, be explained only partly by decreased activity (R 2 for Eurasian perch: 0.62; R 2 for ruffe: 0.42), so an additional ''psychological'' calming effect seems to exist. Shlaifer (1939) attributed higher rates of oxygen consumption in isolated fish to ''psychic unrest. '' Parker (1973) quoted this term and was the first to describe the soothing effect of groups as a ''calming effect.'' Because individuals in groups are less vulnerable to predators (Pitcher 1986; Magurran 1990) , sedation through the presence of conspecifics is reasonable. As early as 1934, Welty (1934) observed, in experiments on group behavior in fish, that the group had a quieting effect on the individuals. Fright reactions were more common among isolated fish, whereas fish in groups moved more quietly. In field experiments, sea bass (also known as European bass) Dicentrarchus labrax not only decreased their activity when in groups but also switched from nocturnal to daytime activity (Anras et al. 1997) . The foraging during darkness of a single fish can be explained by predator avoidance behavior, whereas grouped fish could calmly forage during daylight. In the experiments done by Fischer (2000) , demersal burbot Lota lota, which were not able to hide in adequate substrate and were thus more exposed to potential, but not actually present, predators, had elevated oxygen consumption rates and, as in our study, oxygen consumption rates were elevated independently from activity.
Several results in our study emphasize the psychological calming effect of groups. First, differences in RMRs between groups of different sizes were more distinct during acclimatization than on the RMR day. Especially in ruffe, oxygen consumption on the acclimatization day was elevated more for one-and four-group fish, while that of eight-fish group remained rather similar. This agrees with the findings of Klyashtorin and Salikzyanov (1981) and indicates that stress situations, such as handling and new environments, seem to be better overcome in company. Second, in our experiments, the group effect was still present within a given activity level during daytime, indicating that activity is not the only determinant of respiration. During darkness, however, this group effect did not follow the daytime pattern in perch: fish in groups of four had the highest RMRs. As is known for other fish (Shlaifer 1939; Umezawa et al. 1983) , the group effect in perch seemed to be induced by visual contact with conspecifics. Field data on the behavior of perch confirm that perch form shoals during twilight and daytime, but during darkness the shoals break up and fish rest on the bottom (Imbrock et al. 1996) . For ruffe we cannot confirm the need for visual contact for a group effect at a given activity level, because the fish were mostly active during night time. Nevertheless, we do assume that visual contact is not essential for ruffe because of their very sensitive lateral line organ (Gray and Best 1989; Jansen et al. 2002) . Third, the frequency distribution of respiration rates was broader and more evenly distributed in the single fish than in groups of fish, which displayed a nearly dome-shaped frequency distribution at a comparatively low level, and the diel cycle (variability within the course of the day) was more pronounced in the single fish. The high variability and the washy pattern in the frequency distributions are regarded as evidence of anxious behavior.
The impact of group size on RMR and activity was already recognized in the 1930s. The studies on group effects were resumed at the end of the 1970s and the beginning of the 1980s. Astonishingly, the following behavioral and growth experiments, as well as bioenergetics measurements, were still performed on single isolated fish in many cases (Table 1) , which can give misleading results. Anras et al. (1997) concluded from their experiments that it is almost impossible to use data gained from isolated individuals as input parameters for bioenergetic models, which are usually applied to model growth or consumption of fish in groups and populations. Nevertheless, the respiration parameter values used in 75% of the parameter sets listed by Hanson et al. (1997) for the Wisconsin model are derived from isolated fish (Table 1 ). In about 50% of the studies RMR was measured, the metabolic rate 
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for which a potential group effect is relevant. In these cases, respiration might be overestimated. Because bioenergetic model outputs are very sensitive to the respiration parameters in many species (Kitchell et al. 1977; Bartell et al. 1986; Horppila and Peltonen 1997; Madenjian et al. 2006 ), the resulting growth or consumption estimates may be severely flawed. The input parameter set for yellow perch listed in Hanson et al. (1997) was derived from Kitchell et al. (1977) , who in turn based their model on the respiration measurements of Solomon and Brafield (1972) ). Following the model adjustment approach of Madenjian et al. (2006) , we changed the intercept of the respiration model (RA) to fit measured and modeled RMRs. To adjust the modeled respiration rates to the respiration rates measured with eight perch, we had to reduce the value of RA from 0.0108 to 0.0074. Now, comparing weight gain modeled with the common and the revised model for perch (duration: 30 d; body mass: 7.4 g; temperature: 19.48C; prey energy density: 2213 J/g wet weight) results in an underestimation of growth by 17% with the common model. The respiratory data in our group experiments may, however, still overestimate respiration in the wild under more natural conditions.
In addition to reduced oxygen consumption, the calming effect of groups should also be reflected in higher growth rates because more energy can be invested in biomass. The higher growth rates of ruffe found by Schleuter and Eckmann (2006) in experiments with groups of four as compared to those of FIGURE 6.-Mean 6 SD hourly based routine metabolic rates for different-sized groups of (a-b) Eurasian perch and (c-d) ruffe at activity levels 0 (very little movement; 0 grid line transitions) and 1 (little movement; 1-5 grid line transitions) during the day and at night. Within activity levels, different letters indicate significant differences between group sizes within 1 d (KruskalWallis test; P , 0.05). Henson and Newman (2000) , who used isolated fish, can thus at least partly be explained by the lower RMRs we found for ruffe in groups.
In our experiments we confirmed the group effect on RMR and activity for Eurasian perch already shown by Geyer and Mann (1939) and demonstrated it for the first time for ruffe. We conclude that without considering potential group effects on physiological functions, the results of bioenergetic modeling and growth experiments may be severely biased. Social fish such as the Eurasian perch and ruffe should be studied in groups. For solitary fish species, however, respiration rates may increase in groups (Wirtz and Davenport 1976; Umezawa et al. 1983) . Preliminary experiments are therefore essential to built up bioenergetic models that best reflect the social and ecological characteristics and preferences of the species studied.
